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We explore here a new mechanism by which the out of equilibrium decay of heavy gravitinos,
followed by possible R-parity violating decays in the Minimal Supersymmetric Standard Model
(MSSM) can generate the baryon asymmetry of the universe. In this mechanism, gravitino decay
produces a CP-asymmetry that is carried by squarks or sleptons. These particles then decay through
R-parity violating operators generating a lepton asymmetry. The lepton asymmetry is converted
into a baryon asymmetry by weak sphalerons, as in the familiar case of leptogenesis by Majorana
neutrino decays. To ensure that the gravitino decays while the sphaleron is still in equilibrium, we
obtain a lower bound on the gravitino mass, m3/2 & 108 GeV, and therefore our mechanism re-
quires a high scale of SUSY breaking, as well as minimum reheating temperature after inflation of
T & 1012 GeV in order to for the gravitino density to be sufficiently large to generate the baryon
asymmetry today. We consider each of the MSSM’s relevant R-parity violating operators in turn,
and derive constraints on parameters in order to give rise to a baryon asymmetry comparable to that
observed today, consistent with low energy phenomenological bounds on SUSY models.
1. INTRODUCTION
The gravitino has two features that, taken together, make it unique among the particles of the Minimal
Supersymmetric Standard Model (MSSM): the gravitino mass is directly related to the scale of supersym-
metry breaking, and its interactions are fixed to be uniform and of gravitational strength. Together these
properties imply that if it is kinematically allowed for the gravitino to decay, then its decay will necessarily
be out of equilibrium. That is to say, the inverse decay process occurs with a rate Γinv ∼ T 3/M2P , which is
always smaller than the Hubble expansion rate H ∼ T 2/MP . A departure from thermal equilibrium is one
of the three necessary conditions for the creation of the baryon asymmetry of the universe (BAU) [1]. The
∗Electronic address: krauss@asu.edu
†Electronic address: andrewjlong@asu.edu
‡Electronic address: subir.sabharwal@asu.edu
ar
X
iv
:1
30
9.
14
54
v1
  [
he
p-
ph
]  
5 S
ep
 20
13
2two remaining conditions, the violation of CP and the violation of baryon number (B), are already present
in the MSSM through SUSY-breaking and R-parity violating operators. This makes the gravitino a prime
candidate with which to study the origin of the cosmological baryon asymmetry.
A possible connection between the gravitino and the cosmic baryon asymmetry was first identified by
Cline and Raby [2], hereafter denoted as CR, who recognized that the so-called ‘gravitino problem’ and the
problem of the cosmic baryon asymmetry could have a common solution. If the gravitino decays prior to
the onset of Big Bang Nucelosynthesis (BBN) at TBBN ≈ 1 MeV, then the abundance of light elements is
not disrupted and the gravitino problem is avoided [3–6]. The gravitino decays with a rate [7]
Γ3/2 =
Neff
2pi
m33/2
M2P
(1)
whereNeff is the effective number of decay channels,m3/2 is the gravitino mass, andMP ≈ 2.4×1018 GeV
is the reduced Planck mass. Therefore, a gravitino with mass m3/2 ≥ O(10 TeV) will safely decay at
a temperature Td ≥ TBBN . CR supposed that these gravitinos decay through the MSSM’s B-violating
operator
WBV =
1
2
λ′′Uˆ cDˆcDˆc , (2)
(see, e.g., [8] for a review of R-parity violation), and showed that such a decay could give rise to the
cosmological baryon asymmetry.
The present work explores how a baryon asymmetry can be generated from gravitino decays at a dif-
ferent scale, without the aid of the MSSM’s B-violating operator. If gravitino decay gives rise to a lepton
asymmetry, this asymmetry can be transferred to the baryons by the weak sphaleron process [9], which
violates the anomalous B + L charge conservation and rapidly coverts L-number into B-number, as in the
by now standard leptogenesis scenario in which the lepton asymmetry arises from the out of equilibrium
decay of the Majorana neutrino [10] (see also [11] for a review).
In some sense, gravitino leptogenesis is more general than either the case considered by CR, or standard
leptogenesis, as the gravitino can decay through one of the MSSM’s three lepton number violating operators:
WLV =
1
2
λLˆLˆEˆc +
1
2
λ′LˆQˆDˆc + µ′HˆuLˆ . (3)
Since weak sphalerons go out of equiliburm after electroweak symmetry breaking occurs at Tew ≈ 100 GeV
[9], to ensure that the gravitino decays prior to this time, we obtain a lower bound on the gravitino mass:
m3/2 & 108 GeV (see Sec. 2 for details). Therefore, a gravitino leptogenesis mechanism can be operative
for models with a high SUSY-breaking scale, MS & 1013 GeV.
3The organization of this paper is as follows. In Sec. 2 we discuss the cosmological context of gravitino
leptogenesis, and specifically we derive bounds on the gravitino mass and reheat temperature which are
imposed by requiring that gravitinos decay prior to electroweak symmetry breaking. In Sec. 3 we consider
each of the MSSM R-parity violating operators in turn, including a brief review of the B-violating operator
that was previously studied by CR. For the other operators, we determine the parameter ranges required to
generate the baryon asymmetry of the universe through a gravitino leptogenesis mechanism. In Sec. 4 we
summarize our conclusions. Appendix A summarizes the notation that we use, and Appendix B outlines
the details of the calculational scheme presented by CR.
2. COSMOLOGICAL CONTEXT OF GRAVITINO DECAYS
In this section, we will derive an expression for the baryon asymmetry of the universe in terms of i) the
gravitino mass, ii) the reheat temperature after inflation, and iii) a parameter β which controls the branching
fraction of gravitino decays into L-number. In the following section we then present detailed estimates of β
for each of the MSSM’s R-parity violating operators.
2.1. Gravitino Production
Inflation dilutes any primordial gravitino abundance, but during reheating gravitinos are regenerated
by interactions in the hot plasma. This regeneration occurs at T ≈ TRH , which is generically much earlier
than gravitino decay. During adiabatic expansion following inflation, the gravitino to entropy ratio Y3/2 ≡
n3/2/s is conserved. We denote the number density of gravitinos by n3/2 and s = 2pi
2
45 g∗(T )T
3 is the
entropy density of the plasma, where g∗ is the number of helicity states with equilibrium number density
in the relativistic gas at temperature T . At the (later) time of gravitino decay, when all of the SM species
are light and all but a few of the superpartners are heavy and decoupled, we have g∗ & 100. By summing
the various production processes and solving the thermally averaged Boltzmann equation the gravitino relic
abundance has been estimated to be [5, 6]
Y3/2 =
(
45ζ(3)
2pi4
1
g∗(TRH)
)2 s(TRH)〈σ3/2v〉
H(TRH)
. (4)
In making this estimate the universe is assumed to be radiation dominated with a Hubble parameterH(T ) ≈√
pi2g∗(T )/90T 2/MP .
4The thermally averaged gravitino production cross section can be written as 〈σ3/2v〉 = Cig2iM−2P ,
where gi represent gauge couplings and the sum runs over gauge groups, and Ci = O(1 − 10) [6]. This
result reflects the fact that gravitinos only interact with a gravitational strength and that the higher-spin
gauge fields are required to build up the spin-3/2 gravitino. The largest contribution comes from the SU(3)
group for which C3 ≈ 10 and g3 ≈ 1, and therefore we will conservatively assume 〈σ3/2v〉 = 10M−2P .
This gives the gravitino relic abundance estimate
Y3/2 ≈ 10−12
TRH
1010 GeV
. (5)
In order for gravitinos to be sufficiently abundant to account for the baryon asymmetry, YB ∼ 10−10, the
reheat temperature must be sufficiently high, TRH & 1012 GeV.
2.2. Gravitino Decay
As can be seen from Eq. (5), the relic gravitino abundance is generally low, and therefore presumably
the gravitinos can decay before they come to dominate the energy density of the universe. We can con-
firm this expectation by comparing the energy density of radiation, ρ = 34sT , with the energy density in
gravitinos, ρ3/2 = m3/2n3/2. Imposing ρ3/2 = ρ gives
Teq =
4
3
Y3/2m3/2 ≈ 0.1 MeV
TRH
1010 GeV
m3/2
108 GeV
. (6)
Since successful gravitino leptogenesis requires the gravitino to decay prior to electroweak symmetry break-
ing at Tew ∼ 102 GeV, it is clear in light of Eq. (6) that the universe will be radiation dominated at the time
of gravitino decay.
The couplings of the gravitino are only gravitational strength, and its decay rate is given by [7]
Γ3/2 ≈
Neff
2pi
m33/2
M2P
. (7)
where Neff is the effective number of decay channels. If all the decay products are much lighter than the
gravitino, then Neff just counts the total number of kinematically allowed channels with relative weighting
between the chiral superfield and vector superfield final states due to helicity:
Neff = NV +
1
12
Nχ (8)
where NV is the number of vector superfields and Nχ is the number of chiral superfields into which the
gravitino can decay. If the entire MSSM particle content is light compared to the gravitino, then NV =
1 + 3 + 8 = 12 and Nχ = 36 + 9 + 4 = 49, which give Neff ' 16.
5We will work in an instantaneous decay approximation with a gravitino lifetime is τ3/2 = Γ
−1
3/2. The
temperature Td at which gravitino decays take place is given by
τ = tage(Td) (9)
where tage(T ) is the age of the universe as a function of temperature. During the radiation dominated era
tage(T ) =
1
2
1
H
=
√
45
2pi2g∗
MP
T 2
(10)
where we have used H =
√
ρ/3M2P . Solving for Td one finds
Td = m3/2
(
3
2
Neff
pi2
√
5
2g∗
m3/2
MP
)1/2
' 400 GeV
( m3/2
108 GeV
)3/2
. (11)
Let us now discuss the constraints onm3/2 and TRH . Typically these parameters are constrained by the
requirement that stable gravitinos do not overclose the universe [3, 4] or the requirement that late decaying
gravitinos do not disrupt the abundance of light elements or distort the cosmic microwave background
[5, 6]. In our model, the gravitino must satisfy an even more stringent requirement. It must decay before the
electroweak phase transition takes place when the electroweak sphalerons are still in equilibrium. Imposing
Td & 100 GeV, we then obtain a lower bound on the gravitino mass
m3/2 & 108 GeV . (12)
It is evident that successful gravitino leptogenesis requires an especially heavy gravitino. Since the gravitino
mass is set directly by the scale of SUSY breaking, MS , through the relationship
m3/2 ≈
M2S
MP
, (13)
the bound Eq. (12) implies
MS & 1013 GeV . (14)
Such a large scale of SUSY-breaking is less theoretically attractive than connecting it to the weak scale in
order to resolve the hierarchy problem, but not only is such a scenario is not ruled out on empirical grounds
[3, 4], weak scale SUSY breaking models are becoming more tightly constrained due to the absence of
SUSY-induced effects at colliders, including the LHC. High scale SUSY breaking models have in fact
already been considered as interesting alternatives to weak scale SUSY for other reasons[12–14].
There is no direct empirical probe of the reheat temperature, and the only hard bound is TRH >
TBBN ≈ 1 MeV. However, energy conservation arguments relate the reheat temperature to the energy scale
6of inflation Vinf = 3M2PH
2
inf ∼ T 4RH . The scale of inflation, in turn, is probed by tensor perturbations in the
cosmic microwave background (CMB) radiation power spectrum. In particular, the ratio of the amplitudes
of tensor and scalar perturbations, r = ∆2h/∆
2
R, is, for single field inflation models, generally proportional
to the energy scale of inflation Vinf ≈ (1016 GeV)4(r/.01) [15] [16] [17]. Precisions measurements of the
CMB by the Planck satellite yield the bound r < 0.11 at 95 % CL [18]. This translates into an upper bound
on the reheat temperature,
TRH . O(1016 GeV) , (15)
which in turn implies an upper bound on the gravitino relic abundance, Y3/2 . O(10−6), via Eq. (5).
2.3. Lepton Number Generation
The gravitino decay rate, described earlier, is estimated through its dominant, standard decay channels.
We now suppose that the gravitino has a number of subdominant decay channels which are mediated by CP-
and L-number-violating interactions. This will provide the conditions necessary for the creation of a lepton
asymmetry nL, which will be proportional to the number density of gravitinos before they decay multiplied
by the branching ratio for the decays which lead to the asymmetry. We can therefore write:
nL(Ta) = β n3/2(Td) (16)
where Ta > Td is the temperature after gravitino decays (see below), and the parameter β is defined as the
weighted branching fraction
β =
∑
i
L [{fi}] BR
(
G˜→ {fi}
)
(17)
where the sum runs over all possible final states labeled by {fi}, and L[{fi}] is the lepton number of a given
final state (possibly negative). In Sec. 3 we will evaluate Eq. (17) in terms of the model parameters. For
now, we will simply treat β as a free parameter.
Since presumably the L-violating decays are rare, we expect β  1. In the instantaneous decay
approximation, the energy density is conserved, and all of the energy in the gravitinos is transferred to
radiation. Since the number of thermalized species remains unchanged (since MSUSY  Td  MEW ),
the plasma heats up as a result of the energy injection [19]. The energy density after decay ρ is given by
ρ(Ta) = ρ
(0)(Td) + ρ3/2(Td) (18)
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FIG. 1: The value of β required to ensure YB = (YB)phys asm3/2 and TRH are varied. See text for further discussion.
where Ta is the temperature after the gravitinos decay and we use the superscript “(0)” to denote the era
prior to gravitino decay. The lepton asymmetry is parametrized by
YL =
nL
s
. (19)
Using Eqns. (16) and (18) and s = (4/3)ρ/T , we can evaluate the lepton asymmetry as
YL =
β Y3/2(
1 + 43
m3/2
Td
Y3/2
)3/4 . (20)
Using Eqns. (5) and (11), we see that YL is a function of the free parameters m3/2, TRH , and β. For the
allowed range of parameters, m3/2 & 108 GeV and TRH . 1016 GeV, the ratio m3/2Y3/2/Td  1 and
the entropy injection is negligible. Also, provided that Ta  TEW , the EW sphalerons will then efficiently
convert L-number into B-number. The final baryon asymmetry is obtained from YL after multiplying by a
factor of −8/23 [20] to obtain
YB ≈ − 8
23
βY3/2 . (21)
Note that YB > 0 requires β < 0.
The observed value of the baryon asymmetry is (YB)phys ≈ 0.89 × 10−10 [18]. Since the effective
parameter β is independent of m3/2 and TRH , we can plot the the value of β which is required to give
8YB = (YB)phys, shown in Fig. 1. If β is larger (smaller) than the value shown at a given m3/2 and TRH
then B-number is overabundant (underabundant). Inspecting the figure reveals that if we hope to satisfy
both constraints Eq. (12) and Eq. (15), then we must have β > βmin with
βmin ≈ 10−4 (22)
in order for gravitino leptogenesis to be successful. Alternatively, requiring β < 1 yields a lower bound
on the reheat temperature TRH > 1012 GeV, which then provides a firm limit on gravitino leptogenesis
scenarios of the type we consider here.
3. L-NUMBER VIOLATING GRAVITINO DECAY CHANNELS
The MSSM admits four operators in the superpotential that violate R-parity. One of these four violates
baryon number and the remaining three violate lepton number (see [8] for a review):
WRPV = WBV +WLV (23)
WBV =
1
2
λ′′ijkUˆ
c
i Dˆ
c
jDˆ
c
k (24)
WLV =
1
2
λijkLˆiLˆjEˆ
c
k + λ
′
ijkLˆiQˆjDˆ
c
k + µ
′
iHˆuLˆi . (25)
Our notation is summarized in Appendix A. In this section, we will focus on each of the three L-number
violating operators, in order to calculate the parameter β = nL/n3/2, defined by Eq. (17), and to assess
whether the critical value βmin = 10−4 can be reached given constraints on the models.
The single B-number violating operator, WBV, has already been shown by CR to be able to give rise
to the baryon asymmetry of the universe through gravitino decays [2] (see also [21]). In order to draw
a contrast between the CR mechanism and gravitino leptogenesis we will briefly review the CR gravitino
baryogenesis calculation here. The details of the calculation can be found in Appendix B.
The B-number violating operator, given by Eq. (24), contains 9 distinct terms after the sum over flavor
indices has been performed. One may take a conservative approach and assume that only one of these terms
is nonzero. In particular, the MSSM superpotential may be extended to include the operator
WBV =
1
2
λ′′332Tˆ
cBˆcSˆc , (26)
which violates B-number by one unit. Since this operator does not involve any first generation quarks, it is
not strongly constrained by bounds on neutron oscillations and heavy nuclei decay. The other components
9of λ′′ijk are generated at one-loop order due to flavor violation in the quark mass matrix, but the smallness
of the quark mixing angles renders these contributions negligible [21].
In this scenario, the baryon asymmetry is generated directly by gravitino decays after weak sphalerons
go out of equilibrium. Then, the gravitino need only decay before the onset of BBN at Td ≈ TBBN ' MeV,
which imposes m3/2 & 10 TeV [4]. The superpotential WBV gives rises to the trilinear interactions
LBV = − 1
2
λ′′332
(
tcbcs˜c + bcsct˜c + sctcb˜c
)
− 1
2
A′′332λ
′′
332t˜
c b˜c s˜c + h.c. , (27)
where the corresponding soft SUSY-breaking term is also included. Quadrilinear B-number violating oper-
ators also arise, but these scalar interactions only contribute to gravitino decay at the two loop order.
In the CR scenario, baryogenesis can be divided into two stages. First, CP-violation biases gravitino
decays into anti-squarks (¯˜q) over squarks (q˜), and second, B-number is violated when the anti-squarks decay
into quark (q) pairs and the squarks decay into anti-quark (q¯) pairs. In the first stage, the gravitino can decay
into the squark directly or by way of a gaugino (X˜). In the second stage, the squarks decay through the
channels q˜ → q¯q¯ and ¯˜q → qq. Thus the two decay chains G˜→ qi ¯˜qi → qiqjqk and G˜→ XX˜ → Xqi ¯˜qi →
Xqiqjqk are responsible for generation of the B-number asymmetry. The parameter β = nB/n3/2 may be
calculated from Eq. (17) with the modification that B-number is counted instead of L-number:
β =
∑
q,q˜
{(
BR[G˜→ q ¯˜q]− BR[G˜→ q¯q˜]
)
+
∑
X˜=g˜,Z˜,γ˜
BR[G˜→ XX˜]
(
BR[X˜ → q ¯˜q]− BR[X˜ → q¯q˜]
)}
BR[¯˜q → qq] , (28)
where BR is the branching ratio of the associated process. The gravitino and gaugino decays violate CP
due to an interference between graphs of the form shown in Fig. 2. The parameter β is estimated up to O(1)
factors as (see Appendix B for details)
β ∼ α′′332 sin θCP
|A′′332|∣∣m3/2∣∣ 42Neff BRBV , (29)
where α′′332 ≡ |λ′′332|2 /4pi and Neff was given by Eq. (8), and BRBV ≡ BR[¯˜q → qq], which may be O(1)
if the squark is the LSP. The phase θCP = Arg[A′′332m3/2] quantifies the degree of CP violation, which is
constrained by the bound on the neutron electric dipole moment (EDM), dn . 10−26 cm [22]. For typical
values,
∣∣m3/2∣∣ = 20 TeV , ∣∣A′′332∣∣ = 10 TeV , α′′332 = 0.1 , sin θCP = 0.3 (30)
10
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FIG. 2: Interference between graphs of the form shown here give rise to CP violation via the Uˆ cDˆcDˆc operator.
Additionally graphs with the b¯cb˜c and s¯cs˜c final states are also included.
one finds [2]
β ' 0.03 and dn ' 10−26 cm . (31)
In this way, a sufficient baryon asymmetry is generated while evading constraints on CP violation from low
energy observables.
Successful baryogenesis requires both the generated baryon asymmetry and CP asymmetry to survive
potential washout processes. The baryon asymmetry could be washed out by the inverse decay processes
qq → ¯˜q and q¯q¯ → q˜, but these processes are suppressed kinematically since T ≈ Td  mq˜. The CP
asymmetry may be washed out by the s-channel scattering with quarks in the plasma, q˜q¯ → X˜ → ¯˜qq,
where a Majorana mass operator is inserted in the gaugino propagator. If this process occurs on a time
scale shorter than the lifetime of the squarks, then the CP asymmetry would be washed out before they have
a chance to decay. However, since the CP asymmetry is only carried by the second and third generation
squarks, these processes are suppressed by the exponentially low abundances of heavy second and third
generation quarks in the MeV-scale plasma.
We now describe how gravitino leptogenesis, which operates prior to electroweak symmetry breaking,
involves qualitatively different constraints in order to remain cosmologically viable and consistent with low
energy phenomenology.
3.1. Decay through LˆLˆEˆc
We now consider the first of the three L-number violating operators which give rise to a lepton asym-
metry through gravitino decay through a violation of L-number and R-parity
WLV =
1
2
λ233Lˆ2 · Lˆ3Eˆc3 (32)
11
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FIG. 3: Lepton asymmetry generated directly from a gravitino decay through a loop process. Interference between
the two graphs gives rise to CP violation.
The notation “ · ” stands for a contraction of SU(2) indices with the antisymmetric tensor. We have focused
on the 233 component of the tensor λijk primarily for simplicity. As we will discuss below, the high scale
of SUSY breaking renders the constraints on λijk to be very weak. The Lagrangian-level interactions are
LLV = −1
2
λ233
(
l2 · l3τ˜ c + l˜2 · l3τ c + l2 · l˜3τ c
)
− 1
2
A233λ233 l˜2 · l˜3τ˜ c + h.c. , (33)
which may be compared with Eq. (27). Since the electroweak symmetry is still unbroken at the time of
gravitino decays, the presence of isospin doublets in Eq. (33) simply provides a multiplicative prefactor.
In standard leptogenesis, the Majorana neutrino decays into a lepton and a Higgs in a CP violating man-
ner [11]. Naively one would expect the corresponding supersymmetric decay channels, G˜→ h¯dli, ˜¯hd l˜i, huli
and h˜u l˜i, to yield the dominant contribution to the lepton asymmetry. However, the absence of a direct
gravitino–lepton–Higgs vertex requires these decays to be loop suppressed. Specifically, graphs of the form
shown in Fig. 3 are responsible for mediating these decays. Not only are these decays doubly-loop sup-
pressed, but additionally they require factors of the lepton Yukawa couplings. Even the largest Yukawa
coupling gives O(m2τ/v
2) ∼ O(10−4). This suppresses these channels compared to the three-body final
states that we consider below, and moreover makes them irrelevant for leptogenesis in light of the require-
ment βmin ≈ 10−4 (Eq. (22)).
The calculation of the appropriate gravitino decay channels then runs parallel to the B-number violating
decay that was discussed in Sec. 3.1. We generate the lepton asymmetry in two stages. First, the gravitino
decays out of equilibrium through the channels G˜ → l¯˜l and l¯l˜ where l(l¯) is a (anti-)lepton and l˜(¯˜l) is an
(anti-)slepton. This creates equal and opposite CP asymmetries in the leptons and sleptons. The heavy
sleptons then decay through L-number violating interaction as l˜ → ll and ¯˜l → l¯l¯, thereby creating the
12
lepton asymmetry. We calculate β by summing over the final states
β = l2 + l3 + τc (34)
where
l2 = BR[
¯˜
l2 → l3τ c]
{(
BR[G˜→ l2¯˜l2]− BR[G˜→ l¯2 l˜2]
)
+
∑
X˜=B˜,W˜
BR[G˜→ XX˜]
(
BR[X˜ → l2¯˜l2]− BR[X˜ → l¯2 l˜2]
)}
,
l3 = BR[
¯˜
l3 → l2τ c]
{(
BR[G˜→ l3¯˜l3]− BR[G˜→ l¯3 l˜3]
)
+
∑
X˜=B˜,W˜
BR[G˜→ XX˜]
(
BR[X˜ → l3¯˜l3]− BR[X˜ → l¯3 l˜3]
)}
,
τc = BR[¯˜τ
c → l2l3]
{(
BR[G˜→ τ c ¯˜τ c]− BR[G˜→ τ¯ cτ˜ c]
)
+
∑
X˜=B˜
BR[G˜→ XX˜]
(
BR[X˜ → τ c ¯˜τ c]− BR[X˜ → τ¯ cτ˜ c]
)}
(35)
CP violation arises in the standard way from the interference of tree level and one loop graphs as shown in
Fig. 4. Then, following a similar calculational strategy to that employed in CR (see Appendix B), we can
estimate the branching fractions and obtain
β ∼ α233 sin θCP 1
Neff
Max
[
5
|A233|∣∣m3/2∣∣ , 11 |A233|∣∣mX˜ ∣∣
]
BRLV , (36)
where α233 ≡ |λ233|2 /4pi, and where we have assumed a common mass mX˜ = mB˜ = mW˜ for the binos
and winos, and also for simplicity, we assume a comparable amount of CP violation arises in the gravitino
and gaugino decays, i.e., θCP = Arg[A233m3/2] = Arg[A233mX˜ ]. If it is kinematically forbidden for the
sleptons to decay into gauginos or higgsinos, then the branching ratio for the L-number violating decay can
be large:
BRLV = BR[
¯˜
l2 → l3τ c] ≈ BR[¯˜l3 → l2τ c] ≈ BR[¯˜τ c → l2l3] = O(1) . (37)
The CP asymmetry in squarks may be washed out by scatterings with leptons in the plasma mediated
by a gaugino, i.e., l˜l¯ → X˜ → l¯˜l where X˜ is a bino or a wino. In the model of gravitino baryogenesis [2]
reviewed above, such scattering processes were negligible due to the exponential Boltzmann suppression of
heavy quarks in the T ∼ MeV scale plasma. In the case of leptogenesis, all of the leptons are relativistic at
13
the time of gravitino decay at T ∼ 103 GeV, and we must verify that this scattering is out of equilibrium.
The cross-section for CP violating scattering may be estimated as
σ
l˜l¯→˜¯ll ≈
α2
m2
X˜
(38)
where mX˜ is the gaugino mass and α is the fine structure constant. Since all leptons are relativistic at this
time their equilibrium number density is nl ∼ T 3 and the CP-violating rate is
Γ
l˜l¯→˜¯ll ≈
α2
m2
X˜
T 3 . (39)
This must be compared against the slepton decay rate
Γl˜→ll ≈ α233ml˜ (40)
where ml˜ is the slepton mass. The requirement that slepton decay is more rapid that the CP violating
scattering imposes a lower bound on the gaugino mass
mX˜ >
√
α2T 3
α233ml˜
. (41)
Taking T ∼ 103 GeV to be the temperature at which gravitinos decay, α ∼ 10−2, α233 = O(1), and
ml˜ ∼ m3/2 ∼ 108 GeV we obtain the weak bound mX˜ & O(1 GeV). For the scale that we are considering
however, we expect mX˜ ∼ 108 GeV, so wash out is not a problem.
Low energy observables can be used to constrain CP violation in baryogenesis models. In the decou-
pling limit, in which the SUSY breaking scale is taken to infinity, these constraints disappear. Although
the SUSY breaking scale that we consider is high, we still need to check that it is sufficiently high so that
phenomenologically unacceptable corrections to low energy observables are negligible.
CP violation in the lepton sector generates an electron EDM, de. The contribution to de in the MSSM
may be estimated as [23]
de ≈ me
m2
l˜
sin θCP (42)
whereml˜ is the slepton mass,me is the electron mass, and θCP is the CP violating phase. The current bound,
de < 5 × 10−14 GeV−1 [22], imposes a constraint on the slepton mass ml˜ & 105 GeV, which is easily
accommodated for our fiducial superpartner mass scale m3/2 ∼ 108 GeV. The interactions in Eq. (33) also
violate lepton flavor, which is constrained by bounds on the decay µ → eγ. The branching ratio may be
estimated as
BR[µ− → e−γ] ∼ α233
m2µ
m2
l˜
. (43)
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FIG. 4: Feynman graphs that yield CP violation in gravitino decays via the LˆLˆEˆc operator. Other graphs with l¯3 l˜3
and τ˜ cτ c on the external lines are not shown.
The current bound, BR[µ− → e−γ] . 2.4 × 10−12 [22], imposes a lower bound on the slepton mass,
ml˜ & O(104 GeV), which is also easy to accommodate.
3.2. Decay through LˆQˆDˆc
The symmetries and field content of the MSSM admit just one other trilinear R-parity and L-number
violating operator. Once again we will focus on a single element of the flavor tensor and write the R-parity
violating superpotential as
WLV =
1
2
λ′233Lˆ2 · Qˆ3Dˆc3 , (44)
which violates L-number but preserves B-number. The interaction Lagrangian contains the following terms
LLV = −1
2
λ′233
(
l2 · q3b˜c + l˜2 · q3bc + l2 · q˜3bc
)
− 1
2
A233λ
′
233 l˜2 · q˜3b˜c + h.c. . (45)
which may be compared with Eq. (33).
The calculation of β parallels the discussion in Sec. 3.1. The qualitative difference is that in the first
stage of leptogenesis, the gravitino can decay into either a lepton–slepton pair or a quark–squark pair.
Subsequently, both the slepton and the squark decay violating L-number. Summing over the various decay
channels, we obtain
β ≡ l2 + q3 + bc (46)
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FIG. 5: Feynman graphs that yield CP violation in gravitino decays via the LˆQˆDˆc operator. Other graphs with q¯3q˜3
and b˜cbc in the final state are not shown.
where
l2 = BR[
¯˜
l2 → q3bc]
{(
BR[G˜→ l2¯˜l2]− BR[G˜→ l¯2 l˜2]
)
+
∑
X˜=B˜,W˜
BR[G˜→ XX˜]
(
BR[X˜ → l2¯˜l2]− BR[X˜ → l¯2 l˜2]
)}
,
q3 = BR[¯˜q3 → l2bc]
{(
BR[G˜→ q3 ¯˜q3]− BR[G˜→ q¯3q˜3]
)
+
∑
X˜=B˜,W˜ ,g˜
BR[G˜→ XX˜]
(
BR[X˜ → q3 ¯˜q3]− BR[X˜ → q¯3q˜3]
)}
,
bc = BR[
¯˜
bc → l2q3]
{(
BR[G˜→ bc ¯˜bc]− BR[G˜→ b¯cb˜c]
)
+
∑
X˜=B˜,g˜
BR[G˜→ XX˜]
(
BR[X˜ → bc ¯˜bc]− BR[X˜ → b¯cb˜c]
)}
. (47)
Once again using the results of Appendix B we estimate
β ∼ α′233 sin θCP
1
Neff
Max
[
11
|A233|∣∣m3/2∣∣ , 27 |A233|∣∣mX˜ ∣∣
]
BRLV , (48)
where α′233 ≡ |λ′233|2 /4pi. With the appropriate spectral constraints we can obtain
BRLV = BR[
¯˜
l2 → q3bc] ≈ BR[¯˜q3 → l2bc] ≈ BR[¯˜bc → l2q3] ≈ O(1) , (49)
as in the previous cases.
Apart from the distinctions discussed thus far, the remainder of the analysis of this case follows simi-
larly to Sec. 3.1. Washout is possible due to s-channel scatterings through gauginos, but the avoidance of
washout imposes only a very weak bound on the gaugino mass. Empirical constraints, arising from elec-
tron and neutron EDMs and lepton flavor violation, have little constraining power on the R-parity violating
couplings, λ′233 and A′223, due to the high scale of SUSY breaking.
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3.3. Decay through HˆuLˆ
As a last case we will consider the bilinear R-parity and L-number violating operator,
WLV = µ
′
iHˆu · Lˆi . (50)
This operator supplements the R-parity symmetric terms from the MSSM
WMSSM = µHˆu · Hˆd + (λe)ijHˆd · LˆiEˆcj − (λu)ijHˆu · QˆiUˆ cj + (λd)ijHˆd · QˆiDˆcj . (51)
The full superpotential W = WMSSM +WLV yields the Lagrangian L = LbiLV +LtriLV +LquadLV +LLP +LMSSM
where
−LbiLV = µ′ih˜u · li +Bui hu · l˜i +
(
Bdi + µ
∗µ′i
)
h†d l˜i + h.c. , (52)
−LtriLV = −µ′ ∗i (λu)jk l˜†i q˜j u˜ck + µ′∗i (λe)ij h†uhde˜cj + h.c. , and (53)
−LLP =
∣∣µ′i∣∣2 h†uhu + (µ′ ∗i µ′j)l˜ †i l˜j (54)
are the bilinear L-violating, trilinear L-violating, and L-preserving contributions that are in addition to the
MSSM Lagrangian, LMSSM. We will not need the quadrilinear terms, LquadLV , since they only contribute to
gravitino decay at the two loop order. As we have done in the previous sections, we will suppose that WLV
is the only source of R-parity violation at tree-level.
We will see that bilinear L-number violation provides various gravitino decay channels that generate
a lepton asymmetry. This scenario, however, is significantly constrained, because the mixings in Eq. (52)
allow L-number violation to enter into low energy observables, specifically the neutrino mass, at tree level.
This is in contrast to the previous cases of trilinear R-parity violation in which L-number violating effects
were loop suppressed. If the mass scale of the sleptons and neutralinos is comparable to the fiducial gravitino
mass that we have considered in the previous sections,m3/2 ∼ 108 GeV, then the neutrino mass constraints
bound the mixings so as to forbid the generation of a sufficiently large lepton asymmetry. Only if the mass
scale is lifted to the somewhat more uncomfortable scale, m3/2 & O(1010−1011 GeV), can the low energy
constraints be evaded. While it makes this leptogenesis scenario less attractive, for completeness we review
the parameter ranges that remain viable for this case as well.
In this scenario, the lepton asymmetry is created by the decays of the gravitino or gaugino into a
lepton and a Higgs boson. Depending on the spectrum, the gravitino could also decay into a slepton and a
Higgsino through the R-parity violating mixing. However, the slepton and Higgsino would eventually decay
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back through the R-parity violating operator into SM particles, and this may lead to significant washout of
the lepton asymmetry. Therefore, we assume the spectrum
ml˜ ∼ mh˜ ∼ mq˜ & m3/2 & mX˜ ∼ mh  ml , mq , (55)
and we focus on the two decay channels (and their CP conjugates), V˜ → lih¯d and lihu, where V˜ = G˜, B˜, or
W˜ . In the case of trilinear L-number violation, we had dismissed these two-body final states as subdominant
(see Sec. 3.1) because they arose from an interference of two one-loop graphs, but for bilinear L-number
violation the decays can proceed due to the tree level mixing.
For this scenario, the lepton asymmetry is given by summing over the two final states
β = (lih¯d + lihu)fwo (56)
where
lih¯d ≡
∑
i
{(
BR[G˜→ lih¯d]− BR[G˜→ l¯ihd]
)
+
∑
X˜=B˜,W˜
BR[G˜→ XX˜](BR[X˜ → lih¯d]− BR[X˜ → l¯ihd])} (57a)
lihu ≡
∑
i
{(
BR[G˜→ lihu]− BR[G˜→ l¯ih¯u]
)
+
∑
X˜=B˜,W˜
BR[G˜→ XX˜](BR[X˜ → lihu]− BR[X˜ → l¯ih¯u])} (57b)
and fwo ≤ 1 is a suppression factor to account for washout effects (see below). CP violation arises from
the interference of graphs such as the ones shown in Fig. 6. We could include additional graphs with more
insertions of the mixing operators, but as we will see below the mixing induced by the parameters µ′i, B
d
i ,
andBui must be small compared to the superpartner mass scale, and the higher order graphs can be neglected
from a perturbative standpoint. Additionally, graphs containing factors of the electron and down-type quark
Yukawa coupling are subdominant. Taking |Bu| ∼ ∣∣Bd∣∣ ∼ |µ′|2 and the spectrum in Eq. (55) for simplicity,
we obtain the order of magnitude estimate
β ∼ |λu|2 sin θCP 1
Neff
∣∣Bd∣∣ |µ′|∣∣m3/2∣∣3 fwo (58)
where θCP = Arg[Bdµ′∗m3/2].
The magnitude of the washout depends critically on the spectrum of the superpartners. For instance, if
the gravitino can decay into squarks, then these will scatter on quarks in the plasma and potentially violate
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FIG. 6: Examples of the Feynman graphs whose interference give rise to a lepton asymmetry via bilinear R-parity and
L-number violation.
R-parity and L-number. It is also possible for two SM particles to scatter violating R-parity, but since the
energy of the plasma (∼ TeV) is insufficient to produce a heavy superpartner on shell, such a scattering
must contain two factors of the mixing, which is highly suppressed. Thus, if we assume that the gravitino
cannot decay into on shell squarks and sleptons, then washout can be negligible.
Let us now turn to the low energy constraints on this model. The neutrinos mix with the up-type
Higgsino through the bilinear operator LbiLV 3 µ′ih˜0uνi. This mixing causes the neutrinos to acquire a mass,
and therefore neutrino mass constraints impose an upper bound on the mixing [24, 25]. The neutralinos can
be integrated out to yield a neutrino mass [26]
mν ∼ m
2
Z |µ′|2
m3χ˜
1
1 + t2β
. (59)
where mχ˜  mZ ,mν is the neutralino mass and tβ = 〈hu〉/〈hd〉 ∼ O(1). Taking mν . 1 eV and the
fiducial reference mχ˜ ∼ m3/2, we obtain the bound
|µ′|
m3/2
. 10−3
√
m3/2
108 GeV
√
1
1 + t2β
. (60)
Despite the high scale of SUSY breaking, a strong constraint is obtained because the neutrino mass arises
at tree level, unlike in the cases of the trilinear operators.
After electroweak symmetry breaking the Higgs fields acquire vacuum expectation values and the mix-
ings in Eq. (52) induce tadpole terms for the sneutrino fields
tν˜i = (B
d
i + µ
∗µ′i) vd −Bui vu . (61)
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This causes the sneutrinos to acquires VEVs, which may be estimated as
vν˜ ≈ (B
d + µ∗µ′) cosβ −Bu sinβ
M2
l˜
+ |µ′|2 v (62)
where M2
l˜
is the soft SUSY-breaking slepton mass parameter. The charged slepton VEVs are protected by
the residual electromagnetic symmetry. The VEV vν˜ causes the gauginos and neutrinos to mix and gives
rise to a neutrino mass [27]
mν ∼ m
2
Z
v2
v2ν˜
mX˜
(63)
where mX˜ is the gaugino mass. Once again taking mX˜ ∼ m3/2, the observed neutrino mass scale implies
the bound
vν˜
m3/2
. 10−8
√
108 GeV
m3/2
. (64)
Provided that there is not an unnatural tuning in Eq. (62) which would give vν˜  O(Bd) ∼ O(Bu), the
bound in Eq. (64) imposes
Bd
m23/2
∼ B
u
m23/2
. 10−3
√
m3/2
108 GeV
. (65)
The lepton asymmetry, estimated by Eq. (58), requires two factors of the mixing, and in light of the con-
straints Eqs. (60) and (65), it is not possible to achieve β & 10−4, which is required for successful gravitino
leptogenesis (see Eq. (22)). The gravitino mass scale must be lifted to at leastm3/2 & O(1010−1011 GeV)
in order for the bounds to be evaded, unless we also impose artificial tuning to lift the masses of the sleptons
and neutralinos.
Finally, one may wonder why we have not considered L-number violation entering directly in the the
Ka¨hler potential instead of the superpotential. The term KLV = αiHˆ
†
dLˆi may be added to the Ka¨hler
potential without violating any gauge symmetries or supersymmetry. This term leads to the desired tree
level gravitino – lepton – Higgs vertex. However, since the addition of this term makes the Ka¨hler potential
non-diagonal, it will also result in non-canonical kinetic terms. A basis may be found in which the kinetic
terms are diagonal by rotating away the bilinear coupling, but this also removes the tree level gravitino–
lepton–Higgs vertex.
4. CONCLUSIONS
We have considered here an additional possible mechanism for the creation of the baryon asymmetry
of the universe via gravitino decays in the MSSM. In this scenario, the out of equilibrium decay of the
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gravitino gives rise to a lepton asymmetry that is subsequently converted into a baryon asymmetry by weak
sphalerons. The requirements of CP and L-number violation are then provided by three of the MSSM’s
possible R-parity violating operators: W = LˆLˆEˆc, LˆQˆDˆc, and HˆuLˆ. For the case of the two trilinear oper-
ators, the gravitino decay channels responsible for L-number creation are similar to the B-number creation
gravitino decays discussed by Ref. [2] for the operator W = Uˆ cDˆcDˆc, and the analysis of the subsequent
generation of lepton number asymmetry follows a similar line of analysis, with some key changes due to
the differing presumed scale of gravitino mass.
For comparison purposes and to demonstrate the viability of these scenarios, we provide in, Table I
some sample parameter sets which may produce the correct order of magnitude of the observed baryon
asymmetry, without coming into conflict with low energy observables such as EDMs and µ→ eγ.
In the case of the bilinear operator W = HˆuLˆ, a lepton asymmetry can be generated through mixing
between leptons and Higgsinos and between sleptons and Higgs bosons. In the particular case where the
gravitino decays into a Higgs boson and a lepton via the R-parity violating mixing, the neutrino also acquires
a mass by virtue of this mixing. As a result, bounds on the neutrino mass constrain the mixing to the point
that an insufficient baryon asymmetry is generated unless the mass scale of the gravitino is increased to
m3/2 & 1010−12 GeV, as demonstrated in Table II.
All of these mechanisms of gravitino leptogenesis require an unconventional spectrum of superpartners
to the SM fields, or equivalently, a restriction on the mechanism of SUSY breaking. The gravitino must be
heavy, m3/2 & 108 GeV, to ensure that it decays while the weak sphalerons are still in equilibrium, and
this corresponds to a SUSY breaking scale MS & 1013 GeV. There is no a priori reason to think that the
scale of SUSY-breaking cannot be so high, and in fact, the cosmological consequence of high-scale SUSY
breaking have been studied [3, 4]. However, if MS  TeV then supersymmetry does not provide a natural
solution to the Higgs hierarchy problem. Nevertheless, the lack of evidence for supersymmetry at the LHC
already implies that the scale of SUSY breaking is higher than naturalness arguments would suggest, and
it is therefore worth exploring the possibility that it could be much higher as, for example, in the case of
split supersymmetry [12–14]. Also, if the gravitino is to be responsible for leptogenesis, it must decay and
therefore cannot be the LSP. Since the latter possibility is a generic prediction of gauge mediated models of
SUSY breaking [28], therefore gauge mediation seems incompatible with gravitino leptogenesis.
While our consideration of gravitino leptogenesis is motivated in part by neutrino moderated lepto-
genesis, there are a number of key differences. The gravitino always decays out of equilibrium by virtue
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∣∣m3/2∣∣ MX˜ Ml˜ ∼Mq˜ |A| θCP α BRLV TRH β(10−3) Y ∗BY (obs)B ded(lim)e BRµ→eγBR(lim)µ→eγ
1 0.1 0.1 0.01 0.4 0.1 0.9 1015 2 1.0 4 · 10−5 4 · 10−6
1 0.01 0.001 0.01 0.01 0.1 0.9 1015 0.6 0.3 10−2 4 · 10−2
1 0.01 0.001 0.03 0.1 0.01 0.9 1015 2 0.7 10−1 4 · 10−3
1 0.01 0.01 0.03 0.1 0.01 0.6 1015 1 0.5 10−3 4 · 10−5
5 1 0.1 0.05 1 0.4 0.8 1014 10 0.4 8 · 10−5 2 · 10−5
5 0.05 0.1 0.05 1 0.4 0.8 1013 185 0.7 8 · 10−5 2 · 10−5
10 1 0.01 3.0 0.1 0.1 0.1 1015 2 0.8 10−3 4 · 10−4
104 0.1 10 1 0.05 0.1 0.5 1014 17 0.7 5 · 10−10 4 · 10−10
TABLE I: Typical parameter sets for the model WLV = LˆLˆEˆc. The input parameters are the gravitino mass (
∣∣m3/2∣∣),
the gaugino mass (MX˜ ), the squark or slepton mass (Ml˜ ∼ Mq˜), the A parameter (|A|), the CP-violating phase
(θCP = Arg[Am3/2]), the R-parity violating Yukawa coupling (α = |λ|2 /4pi), the L-number violating branching ratio
(BRLV), and the reheat temperature (TRH ). Dimensionful parameters are expressed in units of 108 GeV except TRH
which is in GeV, θCP is in radians. We estimate the baron asymmetry, Y ∗B using Eq. (21) along with the approximate
estimate for β given by Eq. (36), as well as estimate the ratio of the electron EDM (de) to the observed upper limit
upper limit, and the branching ratio for µ→ eγ with respect to its observed upper limit. The results for LˆQˆDˆc would
be very similar, differing only by an O(1) factor.
of its universal gravitational strength coupling, whereas the Majorana neutrino decay will be accompanied
by some washout factor due to inverse decays [11]. In gravitino decay, the violation of L-number and CP
are a consequence of the MSSM’s R-parity violating operators. On the other hand, the Majorana neutrino
mass operator violates L-number and the mass matrix carries the CP-violating phases. Successful gravitino
leptogenesis requires a high SUSY-breaking scale, MS & 1013 GeV, while Majorana neutrino leptogenesis
requires a high Majorana mass scale, MNR & 1010 GeV. Since these scales are much higher than the
energies accessible in the laboratory today, conventional low energy tests of CP-violation do not probe the
high energy CP-violating parameters that may be responsible for generation of the lepton asymmetry (with
few exceptions in cases of standard neutrino leptogenesis [29] [30]). Similarly, bounds on lepton flavor
violation in the form of the process µ→ eγ are insensitive to the L-number violation that is responsible for
leptogenesis.
Finally, gravitino leptogenesis requires a firm lower bound on the reheat temperature TminRH ≈ 1012 GeV
in order to generate a sufficiently large population of gravitinos to account for the observed baryon asym-
metry in their decays. At present, constraints on the CMB tensor-to-scalar ratio, r ∝ T 1/4RH , give an upper
bound on the reheat temperature, TmaxRH ≈ 1016 GeV, so that significant improvements in sensitivity beyond
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∣∣m3/2∣∣ ∣∣∣µ′ ∣∣∣ θCP fwo TRH β Y ∗B
Y
(obs)
B
mν
m
(obs)
ν
108 9 · 107 0.1 0.05 1016 1 · 10−4 0.4 3 · 104
1010 3 · 109 1 1.0 1016 7 · 10−4 3 40
1012 3 · 1011 0.5 0.7 1016 3 · 10−4 1 0.4
1013 1013 0.1 0.05 1015 2 · 10−4 0.1 0.4
1014 9 · 1013 0.1 0.1 1016 2 · 10−4 1 4 · 10−2
TABLE II: Typical parameter sets for the model with WLV = HˆuLˆ that produce the observed baryon asymmetry. The
input parameters are the gravitino mass (
∣∣m3/2∣∣), the mixing mass scale (µ′ ∼ √Bu ∼ √Bd), the CP-violating phase
(θCP) in radians, the washout factor (fwo), and the reheat temperature (TRH ). Dimensionful parameters are expressed
in units of GeV. We estimate the baron asymmetry, Y ∗B using Eq. (21) along with the approximate estimate for β
given by Eq. (58), and the ratio of the neutrino mass mν to the observed value, m
(obs)
ν ≈ 1 eV, by Eq. (59), setting
mX˜ ∼ m3/2 and tβ = 1.
those likely in the near future would be required to use this limit to probe this scenario.
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Appendix A: Notation
We include here a summary of the notation and conventions used in this paper. The field content is
summarized in Table III. The R-charge is given by QR = 3(B − L). The quark and lepton superfields may
be expanded in flavor space as
Qˆi =
{
Qˆ1 , Qˆ2 , Qˆ3
}
Uˆ ci =
{
Uˆ c , Cˆc , Tˆ c
}
Dˆci =
{
Dˆc , Sˆc , Bˆc
}
Lˆi =
{
Lˆ1 , Lˆ2 , Lˆ3
}
Eˆci =
{
eˆc , µˆc , τˆ c
}
. (A1)
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Field SU(3)C SU(2)L U(1)Y U(1)R U(1)B U(1)L
Qˆi 3 2 1/6 1 1/3 0
Uˆ ci 3¯ 1 −2/3 −1 −1/3 0
Dˆci 3¯ 1 1/3 −1 −1/3 0
Lˆi 1 2 −1/2 −1 0 1
Eˆci 1 1 1 1 0 −1
Hˆu 1 2 1/2 0 0 0
Hˆd 1 2 −1/2 0 0 0
Gˆ 1 1 0 0 0 0
gˆ 8 1 0 0 0 0
Wˆ 1 3 0 0 0 0
Bˆ 1 1 0 0 0 0
TABLE III: The MSSM field content and charges.
The left-chiral superfields may be expanded in superspace as
Qˆ1 =
(
q˜1 , q1
)
Qˆ2 =
(
q˜2 , q2
)
Qˆ3 =
(
q˜3 , q3
)
Uˆ c =
(
u˜c , uc
)
Cˆc =
(
c˜c , cc
)
Tˆ c =
(
t˜c , tc
)
Dˆc =
(
d˜c , dc
)
Sˆc =
(
s˜c , sc
)
Bˆc =
(
b˜c , bc
)
Lˆ1 =
(
˜`
1 , `1
)
Lˆ2 =
(
˜`
2 , `2
)
Lˆ3 =
(
˜`
3 , `3
)
eˆc =
(
e˜c , ec
)
µˆc =
(
µ˜c , µc
)
τˆ c =
(
τ˜ c , τ c
)
(A2)
and
Hˆu =
(
hu , h˜u
)
Hˆd =
(
hd , h˜d
) (A3)
where the first entry is a complex scalar scalar field and the second is a left-chiral Weyl spinor. Since we
are interested in gravitino decays prior to electroweak symmetry breaking, it is convenient to use the two-
component spinor notation. In this formalism χα transforms in the (1/2, 0) representation of the Lorentz
group while χ†α˙ transforms in the (0, 1/2) representation (see [31] for a review). Each of the spinors in
Eq. (A2) is left-chiral, including those denoted with a “c” superscript. The three vector superfields are given
by
gˆ = (g , g˜)
Wˆ = (W , W˜ )
Bˆ = (B , B˜)
. (A4)
Collectively, we will use X˜ to denote the gauginos g˜, W˜ , and B˜. Finally the gravitino is denoted as G˜. In
writing particle reactions, the CP conjugate particle is denoted by a bar. For example, the spinor field ec has
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quanta, denoted as ec and e¯c in particle reactions, with opposite charge and chirality.
Appendix B: Gravitino Baryogenesis Details
In this appendix we provide additional details of the gravitino decay calculation of Ref. [2] that are
relevant for our analysis. The baryon asymmetry parameter is given by Eq. (28), which is reproduced here
for convenience:
β =
∑
q,q˜
{(
BR[G˜→ q ¯˜q]− BR[G˜→ q¯q˜]
)
+
∑
X˜=g˜,Z˜,γ˜
BR[G˜→ XX˜]
(
BR[X˜ → q ¯˜q]− BR[X˜ → q¯q˜]
)}
BR[¯˜q → qq] . (B1)
In principle the sum runs over all quark and squark species, but in light of the interactions in Eq. (27), CP
violation is only carried by quanta of the fields sc, bc, tc, s˜c, b˜c, and t˜c. Since these fields carry B-number of
−1/3 (see Appendix A), the sum is over q = sc, bc, tc and q˜ = ¯˜sc, ¯˜bc, ¯˜tc. The expression Eq. (B1) assumes
that BR[¯˜q → qq] = BR[q˜ → q¯q¯] ≡ BRBV since any difference must be proportional to the CP violating
parameter, which would yield a higher order correction to β.
These various branching ratios in Eq. (B1) can be calculated exactly [2], but since we are primarily
interested in exploring the possibility of obtaining the correct order of magnitude for the resulting baryon
asymmetry here, we will assume the hierarchy of mass scales m3/2 > mX˜ > mq˜ > mq. In this limit, the
branching ratios can be estimated from dimensional analysis up to undetermined O(1) prefactors. Since the
gravitino has a universal gravitational strength coupling, it decays with equal probability into every light
species. Then, the branching fraction into the vector supermultiplets can be estimated as
BR[G˜→ XX˜] ≈ CX˜
Neff
(B2)
where CX˜ is the dimension of the adjoint representation of the gauge group corresponding to the gaugino
X˜ , i.e.,
CB˜ = CZ˜ = Cγ˜ = 1 , CW˜ = 3 , Cg˜ = 8 , (B3)
and Neff ' 16 is given by Eq. (8).
The differential branching fractions into the quark – squark final states are nonzero due to an interfer-
ence between graphs of the form shown in Fig. 2. The CP violation arises from the relative phase of the
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coupling A′′332 and the gravitino or gaugino mass parameter. Up to factors of O(1), the interference can be
estimated as
(
BR[V˜ → q ¯˜q]− BR[V˜ → q¯q˜]
)
∼ α′′332
Im
[
A′′332mV˜
]∣∣mV˜ ∣∣2 ×

1 V˜ = g˜, Z˜, γ˜
1
Neff
V˜ = G˜
(B4)
where α′′332 ≡ |λ′′332|2 /4pi. For simplicity one can assume that there is a universal CP-violating parameter
θCP = Arg[A
′′
332mV˜ ] for both the gravitino and gaugino masses, and therefore
Im[A′′332mV˜ ]∣∣mV˜ ∣∣2 =
|A′′332|∣∣mV˜ ∣∣ sin θCP . (B5)
One can also assume that there is a universal gaugino massmX˜ = mγ˜ = mZ˜ = mg˜. In this case to evaluate
Eq. (B1) one need only sum the possible decay channels. The gravitino, photino, and zino each have 9 decay
channels, given by summing over the combinations of three flavors (sc, tc, bc) and three colors. Since the
gluino is colored, it has only 3 channels, given by the sum over flavors alone. After these simplifications,
Eq. (B1) becomes
β ∼ α′′332 sin θCP
1
Neff
Max
[
9
|A′′332|∣∣m3/2∣∣ , 42 |A
′′
332|∣∣mX˜ ∣∣
]
BRBV . (B6)
Since the relative O(1) factors between the gravitino and gaugino contributions have been left unspecified
in Eq. (B4) one cannot precisely sum the two contributions, and instead one can simply estimate β by taking
the larger of the two. The numerical factors of 9 and 42 = 9 + 9 + 8 · 3 arise from counting the decay
channels. Making the further assumption mX˜ ≈ m3/2 one obtains Eq. (29)
One may worry that strong constraints on the RPV coupling λ′′332 would cause BRBV, and therefore β,
to be too small for baryogenesis to succeed. However, if alternate decay channels are kinematically blocked
by spectral constraints then the branching fraction can be O(1). For instance, if the squark is the LSP then
BRBV = 1. More generally, one can suppose that the gluinos are light and the other gauginos are heavy,
and in this case the branching fraction is estimated as
BV ≈ 1−O (αs/α332) . (B7)
This helps to evade strong constraints on B-number violation.
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